Hepatitis C virus (HCV) has emerged as one of most important etiological factors for blood-transmitted chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma (34, 38) . The infection becomes persistent in about 85% of infected individuals, despite the presence of a strong humoral and cellular immune response (3) . Currently, about 4.5 million individuals in the United States and more than 170 million worldwide are infected with HCV, which represents an important public health problem. A combination of pegylated forms of alpha interferon (IFN-␣) and ribavirin is the only therapy available against HCV, but the success rate observed in individuals infected with genotype 1, which is the most prevalent genotype in the United States and worldwide, is only about 40% to 50% (7, 8, 25) . In addition, IFN-␣ therapy is associated with significant side effects including fatigue, headache, myalgia, fever, nausea, and insomnia in more than 30% of patients. Ribavirin also causes hemolytic anemia in 10% to 20% of patients (22, 36) . Consequently, there remains a significant unmet medical need for more effective and safer HCV therapy.
The HCV genome is a single-stranded, positive-sense RNA of approximately 9.6 kb (5). The genomic RNA encodes a polyprotein that is processed by host and viral proteases into at least 10 structural and nonstructural (NS) proteins. Most of the HCV NS proteins are required for viral RNA replication (1) . The NS5B protein, encoding the viral RNA-dependent RNA polymerase, is a key component of the HCV RNA replication complex (14) . Due to its apparent sequence and structural differences from human DNA and RNA polymerases, the HCV RNA polymerase is considered an attractive target for antiviral drug discovery. In addition to nucleoside analogs (2) and pyrophosphate mimics (37) that target the active site, a number of structurally diverse nonnucleoside polymerase inhibitors have been reported (13) . They were shown to interact with at least four distinct allosteric sites by a combination of crystallographic analysis and in vitro resistance studies (11, 13) .
One of the major factors limiting the efficacy of virus-specific inhibitors against retroviruses and many other RNA viruses has been the emergence of drug-resistant variants. Similar to most RNA viruses, HCV has a high degree of genetic variability as a result of mutations that occur during viral RNA replication due to the absence of an intrinsic repair mechanism associated with the HCV RNA-dependent RNA polymerase. Consequently, HCV exists in vivo as a population of heterogeneous, albeit closely related, genomes known as quasispecies, which contain a quantitatively predominant "master" genome and a multitude of minor genomes representing variable proportions of the total population. The heterogeneous nature of HCV has significant biological consequences and clinical implications, including the response of patients to antiviral therapy and resistance development.
In vitro resistance studies of various HCV inhibitors, including NS3 protease (20, 21, 24, 41, 44) and NS5B polymerase inhibitors (10, 11, 15, 17, 27, 30, 39, 40, 43) , identified resistance mutations in the corresponding viral target regions, some of which have also been observed in subsequent clinical studies. A recent report indicated that resistance mutations observed in vitro were also developed in vivo after a 14-day monotherapy treatment with an NS3 protease inhibitor, VX-950, and correlated strongly with clinical outcome (33) . A nonnucleoside polymerase inhibitor, HCV-796, achieved a peak reduction in viral load of Ͼ1 log on day 4, but the reduction dropped to approximately 0.7 log on day 14 (4) as a result of the emergence of resistance (42) . These results highlight the importance of conducting in vitro resistance studies, which could provide important insights into resistance development in future clinical trials.
By high-throughput screening and structure-based drug design, we identified a novel class of nonnucleoside HCV polymerase inhibitors characterized by a dihydropyrone core (18, 19) . Crystallographic studies indicated that these compounds bind to the polymerase at an allosteric site close to the junction of the thumb and finger domains (designated as the thumbbase site), approximately 30 Å away from the enzyme's catalytic center (23) . AG-021541, a representative compound from this series, displayed measurable in vitro antiviral activity against the HCV subgenomic replicon. To further confirm the binding site for AG-021541 and determine its in vitro resistance profile, replicon cell lines resistant to AG-021541 were selected either by in vitro serial passages in increasing concentrations or by direct colony formation at fixed concentrations of the compound. Resistance mutations were identified and introduced back into the wild-type (wt) replicon for the determination of replication fitness and resistance phenotype. Identification of resistance mutations confirmed that AG-021541 targets the HCV RNA polymerase at the thumb-base allosteric site. Further evaluation of polymerase inhibitors against replicons that contain some of the resistance mutations identified to date demonstrated that dihydropyrone inhibitors have nonoverlapping resistance profiles with other polymerase inhibitors that target different regions of the enzyme. In vitro resistance study is a useful tool to confirm target, mechanism of action, and binding specificity of various inhibitors and also allows rapid preclinical evaluation of resistance development that may have future clinical implications.
MATERIALS AND METHODS
Compounds. AG-021541 and compounds A and B were synthesized at Pfizer Global Research and Development (La Jolla, CA). NM107 (32), HCV-796 (11), A-782759 (27) , and Boerhinger Ingelheim's benzimidazole compound C (15) were prepared by external vendors according to literature procedures. Individual compounds were dissolved in dimethyl sulfoxide (DMSO) to a concentration of 100 mM and diluted to appropriate concentrations in growth medium. IFN-␣ (Sigma, St. Louis, MO) was dissolved in phosphate-buffered saline to a stock concentration of 10 5 IU/ml and diluted to appropriate concentrations in growth medium.
Cells and plasmids. Huh7 and Huh7.5 cells, obtained from Apath LLC (St. Louis, MO), were propagated in Dulbecco's modified Eagle medium (Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (HyClone, Logan, UT), 0.1 mM nonessential amino acid (Invitrogen), 100 units/ml of penicillin (Invitrogen), and 100 g/ml of streptomycin sulfate (Invitrogen).
The dicistronic selectable replicon BB7, containing the HCV genes NS3-NS5B derived from the Con1 strain of genotype 1b (1b-Con1), was licensed from Apath LLC. To improve its replication efficiency, the S2204I adaptive mutation in BB7 was reverted to the wt amino acid while three different adaptive mutations, E1202G, T1280I, and S2197P, were introduced into BB7 to construct the BB7M4 replicon (9) . The replicon was further modified to include a humanized Renilla luciferase (hRLuc) gene and the autocleavage site of the foot-and-mouth disease virus 2A protease so that HCV RNA replication could be monitored by a reporter assay (9) . The reporter replicon construct was electroporated into Huh7 cells to generate a reporter replicon cell line, DSR. Subsequently, the firefly luciferase (FLuc) reporter gene under the control of a cytomegalovirus promoter was transfected into DSR cells to generate a dual-reporter stable cell line DDR, which allowed for simultaneous monitoring of antiviral activity and cytotoxicity of inhibitors (9) .
In vitro selection of AG-021541-resistant replicon cells. For serial passage experiments in increasing concentrations of AG-021541, DSR cells were seeded in T-25 flasks at approximately 30% confluence in medium containing 250 g/ml of G418 and AG-021541 at a starting concentration of 0.2 times the 90% effective concentration (0.2ϫ EC 90 ) (3 M). The cells were cultured until they reached 90 to 100% confluence and were maintained at the same compound concentration for three passages. At the fourth passage, the compound concentration was increased by twofold to 0.4ϫ EC 90 (6 M). The cells were maintained at 0.4ϫ EC 90 for three passages and subjected to another twofold increase in the AG-021541 concentration to 0.8ϫ EC 90 (12 M) . This selection process was repeated until the compound concentration reached 6.4ϫ EC 90 (96 M). The concentration of AG-021541 could not be increased further due to apparent cytotoxicity at the next higher concentration, 12.8ϫ EC 90 (192 M) . Cells grown at 0.8ϫ EC 90 , 1.6ϫ EC 90 , and 3.2ϫ EC 90 of AG-021541 were seeded at a density of 2.5 ϫ 10 4 , 5 ϫ 10 4 , and 1 ϫ10 5 in 10-cm dishes and subjected to colony formation at 1.6ϫ EC 90 , 3.2ϫ EC 90 , and 6.4ϫ EC 90 , respectively. The cell growth medium containing appropriate concentrations of AG-021541 was changed weekly. Resistant colonies were isolated after approximately 2 to 3 weeks of selection.
For resistance selection at fixed concentrations of AG-021541, DSR cells were seeded at densities of 5 ϫ 10 4 , 1 ϫ 10 5 , and 2.5 ϫ 10 5 in 10-cm plates for direct colony formation. The cells were grown in 3ϫ EC 90 and 6ϫ EC 90 (45 and 90 M) of AG-021541 with weekly changes of selection medium containing 250 g/ml of G418. Colonies were isolated after approximately 3 weeks of selection. To determine the frequency of resistance generation, a separate plate for each cell density and compound concentration was set up in parallel for crystal violet staining and counting of colonies.
At each AG-021541 concentration used for colony formation, 10 colonies were isolated and expanded to cell lines, which were then tested for replication fitness, followed by resistance phenotype determination. All lines that showed a relative change in EC 50 of Ͼ10-fold in susceptibility assays were subjected to population sequencing of the entire NS5B region after reverse transcription-PCR (RT-PCR) amplification of the replicon RNA isolated from these cell lines. Clonal sequencing was also performed on a selected number of resistant cell lines. As a negative control, the replicon cells were cultured in compound-free medium in parallel with those cultured in the presence of compounds for resistance selection. Population sequencing was also performed on the entire NS5B region amplified by RT-PCR of the replicon RNA isolated from these control cell lines.
Colony formation assay. In vitro transcripts were generated from the replicon cDNA constructs using a T7 Megascript kit (Ambion, Austin, TX) according to the manufacturer's protocol. Two micrograms of the replicon in vitro transcripts was added to 400 l of Huh7 cells at 2 ϫ 10 7 cells/ml in phosphate-buffered saline. The cells were electroporated in a 0.4-cm gap cuvette with a Bio-Rad Gene Pulser II Electroporator at 270 V and 950 F. Cells were resuspended in 10 ml of Dulbecco's modified Eagle medium and seeded in 10-cm plates at various dilutions. After 3 weeks of selection in 250 g/ml of G418, colonies were stained with crystal violet and counted. The number of CFU was determined as the number of colonies formed per microgram of RNA used in electroporation.
Luciferase reporter assay. HCV RNA replication was monitored by the hRLuc reporter activity in dicistronic replicon cell lines with a single (DSR) or dual reporter (DDR). In DDR cells, cytotoxicity was measured simultaneously by the FLuc reporter activity. A total of 2 ϫ 10 4 DSR or DDR cells were seeded in 96-well plates in the absence of selection antibiotics. Compounds were tested at half-log serial dilutions over a range of concentrations with appropriate solvent controls (compound free). Cells were incubated with compounds for 3 days at 37°C. For DDR, reporter activities were determined using a Dual Luciferase Reporter kit (Promega, Pittsburgh, PA) following the manufacturer's instructions in a Perkin Elmer 1450 MicroBeta Jet (Waltham, MA). For DSR, hRLuc 676 SHI ET AL. ANTIMICROB. AGENTS CHEMOTHER.
activity was determined using a Renilla Luciferase Assay System (Promega) following the manufacturer's instructions. The EC 50 was calculated as the concentration of compound that effected a decrease in viral RNA replication (as measured by hRLuc activity or quantitative PCR) in compound-treated cells to 50% of that produced in compound-free cells. The 50% cytotoxic concentration (CC 50 ) of compound was calculated as the amount that decreased host cell viability (as measured by FLuc activity) in compound-treated cells to 50% of that produced in compound-free cells. The values were determined by nonlinear regression analyses to a four-parameter fit. Transient replication assay. Ten micrograms of replicon transcripts was electroporated into 8 ϫ 10 6 Huh7.5 cells in a 0.4-cm cuvette using a Bio-Rad Gene Pulser II Electroporator (Hercules, CA) at 220 V and 950 F. Electroporated cells were resuspended in growth medium without selection antibiotics, plated in 96-well black plates with clear bottoms at 6 ϫ 10 4 cells per well, and allowed to adhere for 4 h at 37°C. Compounds were tested at half-log serial dilutions over a range of concentrations with appropriate DMSO controls (compound free). After incubation for 3 days at 37°C, hRLuc activity was determined using the Renilla Luciferase Assay System according to the manufacturer's protocol in the Perkin Elmer 1450 MicroBeta Jet.
Introduction of resistance mutations into the wt replicon and the wt enzyme. Resistance mutations were introduced into the wt replicon by site-directed mutagenesis using a Quikchange mutagenesis strategy according to the manufacturer's protocol (Stratagene, La Jolla, CA). To facilitate subcloning of fragments in the NS5B region, an StuI restriction enzyme site was first introduced into the subgenomic reporter replicon in the 3Ј untranslated region (6) by site-directed mutagenesis. The primers used for mutagenesis were 5Ј-GGACCTAAACACTCCAGGCCAATAG GCCTTCCTG-3Ј and 5Ј-CAGGAAGGCCTATTGGCCTGGAGTGTTTAGGTC C-3Ј (nucleotide changes are underlined). The primer sequences used to introduce resistance mutations were the following: 5Ј-CCCACCTTGTGGGCAAGGACGA TCCTGATGACTCATTTC-3Ј and 5Ј-GAAATGAGTCATCAGGATCGTC CTTGCCCACAAGGTGGG-3Ј for M423T; 5Ј-CCCACCTTGTGGGCAAG GATCATCCTGATGACTCATTTC-3Ј and 5Ј-GAAATGGTCATCAGGAT GATCCTTGCCCACAAGGTGGG-3Ј for M423I; 5Ј-CCCACCTTGTGGGC AAGGGTGATCCTGATGACTCATTTC-3Ј and 5Ј-GAAATGAGTCATCA GGATCACCCTTGCCCACAAGGTGGG-3Ј for M423V; 5Ј-TGGGCAAGG ATGATCCTGACGACTCATTTCTTCTCCATC-3Ј and 5Ј-GATGGAGAA GAAATGAGTCGTCAGGATCATCCTTGCCCA-3Ј for M426T; 5Ј-AGTT ACTCTCCAGGTGAGACCAATAGG GTGGCTTCATGC-3Ј and 5Ј-GCA TGAAGCCACCCTATTGGTCTCACCTGGAGAGTAACT-3Ј for I482T; 5Ј-TGCCTCAGGAAACTTGGGGCACCGCCCTTGCGAGTCTGG-3Ј and 5Ј-CCAGACTCGCAAGGGCGGTGCCCCAAGTTTCCTGAGGCA-3Ј for V494A; 5Ј-GACTGCACGATGCTCGTAAACGGAGACGACCTTGTCGT T-3Ј and 5Ј-AACGACAAGGTCGTCTCCGTTTACGAGCATCGTGCAGT C-3Ј for C316N; 5Ј-TATCGCCGGTGCCGCGCGACCGGTGTACTGACG ACCAGC-3Ј and 5Ј-GCTGGTCGTCAGTACACCGGTCGCGCGGCACC GGCGATA-3Ј for S282T; 5Ј-TGGCTAGGCAACATCATCACGTATGCGC CCACCTTGTGG-3Ј and 5Ј-CCACAAGGTGGGCGCATACGTGATGAT GTTGCCTAGCCA-3Ј for M414T; 5Ј-CTCAGGAAACTTGGGGTACTGC CCTTGCGAGTCTGGAGA-3Ј and 5Ј-TCTCCAGACTCGCAAGGGCAGT ACCCCAAGTTTCCTGAG-3Ј for P495L; and 5Ј-CTCAGGAAACTTGGG GTATCGCCCTTGCGAGTCTGGAGA-3Ј and 5Ј-TCTCCAGACTCGCAA GGGCGATACCCCAAGTTTCCTGAG-3Ј for P495S. All mutations were confirmed by sequencing.
Construction and expression of the M423T polymerase protein. M423T was introduced into the 1b-Con1 NS5B⌬21 construct using a Quikchange Mutagenesis Kit (Stratagene) and primers 5Ј-CACCTTGTGGGCAAGGACGATCCTG ATGACTCATTTC-3Ј and 5Ј-GAAATGAGTCATCAGGATCGTCCTTGCCC ACAAGGTG-3Ј. Protein expression and purification were performed as described previously (23) .
HCV polymerase biochemical assay. The recombinant HCV polymerase was tested for its ability to perform primer/template-directed transcription. The reaction mixture contained 20 mM Tris-HCl (pH 7.0), 10 mM MgCl 2, 1 mM dithiothreitol, 0.05% (vol/vol) Tween 20, annealed primer-template [60 nM biotin-dT 17 primer and 5 nM poly(rA) template], 20 mM NaCl (from primertemplate), 2.5 M UTP, 0.6 Ci of [␣-
33 P]UTP, 1% (vol/vol) DMSO, and a 30 nM concentration of the wt or mutant M423T 1b-Con1 NS5B⌬21 polymerase. Reactions were initiated by the addition of enzyme, incubated for 30 min at 30°C, and stopped by the addition of 18 mM EDTA. The polynucleotide products were collected by microfiltration on Nunc Silent Screen Biodyne B nitrocellulose microfiltration plates and rinsed, and radioactivity was quantified using a Storm 840 Phosphorimager (Perkin Elmer). The specific activity of the M423T mutant was not significantly different from that of the wt polymerase (data not shown). Compounds were tested in duplicates at twofold dilutions over a range of concentrations where inhibition was expected. The concentration at which 50% inhibition was obtained was determined by fitting of the data to an equation for noncompetitive tight-binding inhibition using KaleidaGraph.
X-ray crystallographic structure determination. Tetragonal crystals of the AG-021541 in complex with the quadruple mutant (K114R L47Q F101Y V59D) of 1b-BK NS5B⌬21 were obtained as described previously (23) . X-ray diffraction data were collected at Ϫ177°C on beam line 7.1 at the Stanford Synchrotron Radiation Laboratory to a resolution of 1.78 Å. Data were processed with Denzo/Scalepack (31) . Statistics for the data over 30 to 1.78 Å (1.84 to 1.78 Å) were as follows: completeness, 99.9% (100.0); R merge , 5.0 (45.9); ϽI/IϾ, 39.5 (4.6); and redundancy for the unique 61,909 reflections, 8.19. The structure was solved by difference Fourier methods using the ARP/wARP algorithm (28) , which was employed to provide the initial automatically rebuilt model for further fitting with XFIT (26) and refinement with REFMAC (29) . The final model of the protein-ligand complex containing 4,330 protein (residues 1 to 562) and 38 ligand atoms in addition to 521 water molecules was refined to an R work of 19.22% (58,710 reflections with F Ͼ 0) and R free of 21.90% (for 3,133 reflections; 5%) in the 30-to 1.78-Å resolution range. The average isotropic temperature factor was 25.2 Å 2 , 25.0 Å 2 , and 36.2 Å 2 for protein, ligand, and water atoms, respectively. The model has good geometry with a root mean square deviation for bond lengths and angles of 0.014 Å and 1.406°, respectively, and all residues lie in the allowed Ramachandran regions according to PROCHECK (16) .
RESULTS
In vitro antiviral activity and cytotoxicity of AG-021541. The ability of AG-021541 to inhibit HCV RNA replication was evaluated against subgenomic replicons derived from the 1b-Con1 strain in replicon assays using the luciferase reporter endpoint. AG-021541 demonstrated measurable antiviral activity against the 1b-Con1 replicon, with mean EC 50 and EC 90 values of 2.9 and 15 M, respectively, and no apparent cytotoxicity up to 100 M. The inhibition of HCV RNA replication by AG-021541 was confirmed by a direct measurement of the replicon RNA levels using quantitative RT-PCR.
In vitro selection of AG-021541-resistant replicon cell lines by serial passages. To select for AG-021541-resistant mutants, the HCV subgenomic reporter replicon cells, DSR (9), were serially passaged in 250 g/ml of G418 and increasing concentrations of AG-021541 starting at 0.2ϫ EC 90 (3 M). The cells under selection were passed when they reached 90 to 100% confluence and were maintained for three passages before the compound concentration was doubled. A decrease in the rate of cell growth followed by a gradual recovery was observed when the AG-021541 concentration was increased to 0.8ϫ EC 90 , indicating a possible breakthrough in the growth of resistant replicon cells. No apparent change in growth rate was observed when the selection pressure was further increased to 6.4ϫ EC 90 . Selection was not continued at higher concentrations of AG-021541 due to significant cytotoxicity observed in the presence of 12.8ϫ EC 90 (192 M) of the compound.
After resistance breakthrough was observed at 0.8ϫ EC 90 of AG-021541, colony formation was started at the next higher concentration, 1.6ϫ EC 90 , with cells from passage 7 ( Table 1) . As the serial passages continued in 1.6ϫ and 3.2ϫ EC 90 of AG-021541, colony formation was performed at 3.2ϫ and 6.4ϫ EC 90 with cells from passages 10 and 13, respectively. Individual AG-021541-resistant colonies were formed and isolated after approximately 2 to 3 weeks of selection. Altogether, the lengths of time required from the start of selection to resistant colony formation of cells treated with 1.6ϫ, 3.2ϫ, and 6.4ϫ EC 90 of AG-021541 were 41, 50, and 59 days, respectively (Table 1) .
In vitro selection of AG-021541-resistant replicon cell lines at fixed concentrations. Resistance selection was also performed at fixed concentrations of AG-021541. The HCV subgenomic reporter replicon cell line, DSR, was plated at different cell densities and subjected to direct colony formation in 3ϫ EC 90 and 6ϫ EC 90 of AG-021541. Individual colonies were observed after 3 to 4 weeks of selection and isolated for expansion into cell lines. The rates of resistance emergence, determined as the percentages of DSR replicon cells that formed AG-021541-resistant colonies, were 0.3% and 0.1% for resistance selection carried out at 3ϫ EC 90 and 6ϫ EC 90 of AG-021541, respectively, suggesting that mutations that result in a higher level resistance exist at a lower percentage.
Phenotypic and genotypic determination of AG-021541-resistant cell lines. AG-021541-resistant colonies derived from either serial passaging or direct colony formation were expanded to cell lines in appropriate concentrations of the compound and subjected to replication fitness analysis using the luciferase reporter assay. A decrease in median luciferase activity of resistant cell lines, representing a reduction in replication fitness, was observed with an increase in the AG-021541 concentration at which these cell lines were selected (Table 2) . Resistant cell lines with hRLuc activity above 200 relative light units (RLU) were carried further for phenotypic determinations. When tested against AG-021541, these cell lines displayed various levels of resistance, but no change in susceptibility to IFN was observed ( Table 2 and Fig. 1 ). For serial passages, all of the resistant cell lines selected at the final concentration of 1.6ϫ EC 90 of AG-021541 demonstrated less than 60-fold resistance, with a median relative change in the EC 50 of 33-fold. When the selection pressure increased to 3.2ϫ EC 90 , 38% (three out of eight) of lines showed at least 100-fold resistance to AG-021541, which increased to 57% (four out of seven) when the selection pressure was further increased to 6.4ϫ EC 90 (Fig. 1) . There was also a gradual increase in the median EC 50 values against AG-021541 with the increase in selection pressure (Table 2) . Similarly, the resistant cell lines selected by direct colony formation also showed a positive correlation between the level of resistance and selection pressure, with all lines grown at 3ϫ EC 90 showing less than 50-fold resistance and four out of five lines selected at 6ϫ EC 90 showing more than 100-fold resistance to AG-021541 (Fig. 1) .
After confirmation of resistance, replicon RNA was isolated from AG-021541-resistant cell lines, amplified by RT-PCR, and subjected to population sequencing to determine the genotypic changes in the NS5B region of the replicon. Clonal sequencing was also performed on a selected number of resistant cell lines to confirm the results of population sequencing and to establish linkage (data not shown). The replicons in these cell lines were shown to harbor one to three mutations that resulted in amino acid changes in the polymerase (Table 3 ). The methionine-tothreonine change at residue 423 (M423T) appeared as the predominant amino acid change, which was present in 57% (20 out of 35) of all resistant cell lines and in cell lines selected across different concentrations of AG-021541. Furthermore, changes at amino acid M423, including M423V and M423I, were observed in 71% (25 out of 35) of resistant cell lines (Table 3) . Besides M423T, all other amino acid changes existed at a much lower frequencies (Ͻ10%). Every resistant cell line contained at least one change at an amino acid that was shown to be part of the inhibitor-binding pocket, which includes M423, M426, I482, and V494 (23) . There was no apparent difference in mutational profiles generated by either serial passaging or direct colony formation in the 35 resistant replicon cell lines analyzed. Although the sample size was too small to establish correlations between selection pressure and mutational profile, it is worth noting that while the M423T mutation was observed across all selection groups, M426T, I482T, and V494A were present only in resistant cell lines generated at lower concentrations (1.6ϫ and 3ϫ EC 90 ) of the compound (Table 3) . No change in the NS5B sequence was observed in the replicon cells that were cultured in parallel in compound-free medium.
Phenotypic characterization of AG-021541 resistance mutations. The predominant resistance change, M423T, was introduced back into the wt replicon, from which a stable cell line was generated for the determination of its resistance phenotype. M423T conferred an 87-fold increase in resistance to AG-021541, but no change in susceptibility to IFN was observed (Table 4 ). The replication fitness of the M423T replicon was reduced to 1.8 ϫ 10 5 RLU, which was less than 50% of that of the wt replicon (5.2 ϫ 10 5 RLU), as indicated by the hRLuc reporter activity. However, the colony-forming efficiency of a Stable cell lines obtained at various concentrations of AG-021541 either by serial passages or direct colony formation were evaluated for their replication fitness and susceptibility to AG-021541 and IFN in the reporter replicon assay. Cells were exposed to compounds for 3 days before RLuc activity was determined. the M423T replicon was comparable to the wt replicon in the colony formation assay (data not shown), suggesting that the mutant replicon replicates at a lower level but is still sufficient to support colony formation. When compounds A and B, two additional polymerase inhibitors that are structurally related to AG-021541, were tested in the M423T replicon cell line, both showed a significant reduction in antiviral activity, suggesting that their interactions with the polymerase are also primarily mediated by M423 (Table 4) . Similarly, the 1b-Con1 polymerase enzyme that contained the M423T substitution also displayed resistance to AG-021541 and the structurally related compounds in the enzymatic assay ( Table 4 ). The relative resistance of the mutant enzyme to these compounds was shown to be consistent with that of the mutant replicon. However, the levels of resistance of the mutant enzyme to the compounds were approximately an order of magnitude lower than those observed for the mutant replicon. This could be a result of differences between the biochemical and cell-based assay systems, including the presence of HCV proteins (polymerase alone versus replication complex) and replication capacity (nonreplicative versus replicative).
In addition to M423T, a number of minor AG-021541-resistant mutations affecting amino acids located in the AG-021541-binding site, including M423I, M423V, M426T, I482T, and V494A, were engineered individually into the wt replicon a RNA was extracted from stable cell lines obtained at various concentrations of AG-021541 either by serial passages or direct colony formation and subjected to RT-PCR amplification and population sequencing of the NS5B region.
FIG. 1. Phenotypic determination of AG-021541-resistant cell lines. Susceptibility of AG-021541-resistant cell lines, derived from serial passaging (A) or direct colony formation (B)
, to AG-021541 and IFN was determined in the replicon assay using hRLuc reporter activity as the endpoint. Cells were seeded in 96-well plates at 2 ϫ 10and characterized in a transient reporter replicon assay that allowed rapid screening for replication-competent resistance mutants and determination of their resistance phenotypes. The mutant replicon RNA was electroporated into Huh7.5 cells and incubated for 3 days in the presence or absence of compounds. The reporter signal was compared to that of the cells transfected with the wt replicon RNA to determine the fitness of the replicons and their susceptibility to compounds. Except for the M426T replicon, replicons containing single amino acid changes, M423T, M423V, M423I, or V494A, showed a 40 to 80% loss of hRLuc reporter activity compared to the wt replicon, indicating a reduction in replication fitness (Fig. 2) . The extent of reduction in replication activity of the M423T replicon observed in transient replication assays was consistent with that of the M423T stable cell line. Changes from M to T, V, or I at amino acid 423 of the polymerase conferred more than a 31-fold increase in resistance to AG-021541, while changes at other amino acids in the binding pocket (M426T, I482T, or V494A) resulted in a lower level of resistance, ranging from 4.5-to 7.0-fold (Table 5) . These results are consistent with the observation that M426T, I482T, and V494A were present only in replicon cell lines generated at lower concentrations of AG-021541 (Table 3) . The difference in the levels of resistance between changes at M423 and other residues was also observed for compound B ( Table 5 ), indicating that M423 is a key residue involved in the interaction between dihydropyrone compounds and the polymerase. Regardless of their replication fitness or level of resistance to AG-021541, all of the resistant replicons remained sensitive to IFN (Table 5) . Furthermore, the resistance changes at the thumb-base site did not affect the activity of other HCV polymerase inhibitors known to interact with the active site (Idenix Pharmaceuticals NM107) or other allosteric sites (Wyeth/Viropharma HCV-796, Abbott A-782759, and Boehringer Ingelheim benzimidazole compound C) of the polymerase protein (Table 5 ).
To further demonstrate the activity of AG-021541 against replicons containing changes resistant to other polymerase inhibitors, signature resistance mutations within other binding sites, including S282T, C316N, M414T, P495L, and P495S, were introduced into the wt replicon. Similar to AG-021541-resistant changes, most of the single-amino-acid substitutions resulted in a reduction in replication fitness. In contrast, C316N, which is present in 40% of the genotype 1b clinical isolates based on sequences from the GenBank and Los Alamos databases, increased the replication fitness by 1.6-fold. While S282T, C316N, M414T, and P495(S/L) conferred a sig- 
The susceptibility of the M423T replicon cell line to AG-021541 and related compounds was evaluated in the reporter replicon assay. Cells were exposed to compounds for 3 days before RLuc activity was determined. The susceptibility of the M423T mutant polymerase to AG-021541 and related compounds was evaluated in the HCV polymerase biochemical assay as described in Materials and Methods. Results represent the mean Ϯ standard deviation (4 experiments) or individual values (1 to 2 experiments). Values from each experiment represent the averages of duplicates or triplicates. FC, fold change; ND, not determined; IC 50 , 50% inhibitory concentration.
b IU/ml.
nificant level of resistance to NM107, HCV-796, A-782759, and compound C, respectively, their susceptibility to AG-021541 and compound B remained unchanged. Our results support the potential use of dihydropyrones in combination therapies with polymerase inhibitors that target other distinct binding sites on the HCV polymerase (Table 5 ).
DISCUSSION
One of the major issues in the development of antiviral therapy is the emergence of drug-resistant variants. In vitro resistance studies have been widely used for human immunodeficiency virus (HIV) inhibitors and more recently for HCV inhibitors to identify mutations that are likely present in vivo after antiviral therapy. In the present study, in vitro resistance studies of AG-021541 by either serial passages or direct colony formation in the HCV subgenomic replicon cells identified amino acid changes at the thumb-base allosteric site of the viral polymerase, including M423(T/V/I), M426T, I482(S/T), and V494A. The predominant mutation, M423T, conferred an 87-fold reduction in susceptibility to AG-021541 but no change in susceptibility to IFN. Introduction of M423T and other minor resistance changes into the wt replicon resulted in reduced replication fitness (with the exception of M426T) and various levels of resistance to AG-021541 and its structurally related compounds. However, no cross-resistance was observed between AG-021541 and polymerase inhibitors that interact with other binding sites of the enzyme, suggesting its potential use in combination therapies with other inhibitors targeting different regions of the polymerase for the treatment of HCV.
Similar mutational profiles were observed in resistant cell lines selected by either serial passaging or direct colony formation (Table 3) . Interestingly, the M426T, I482T, and V494A changes, which were observed only in resistant cell lines selected at lower concentrations of AG-021541, conferred lower levels of resistance. Our results are consistent with the hypothesis that the nature of resistance mutations was determined by the inhibitor concentration at which the resistant cell lines were selected rather than the selection process. Since serial passaging is more complex and labor-intensive, direct colony formation at fixed concentrations appeared to be a more efficient alternative and has been used in many HCV in vitro resistance studies reported in the literature. Increasing the number of concentrations used in resistance selection may increase the chance of identifying the full spectrum of resistance mutations that are associated with various levels of exposure to a given HCV inhibitor in vivo.
At least one change in each resistant cell line selected in our study was found at the amino acid residues M423, M426, I482, and V494 in the polymerase protein ( Table 3 ). The cocrystal structure of AG-021541 and the 1b-NS5B⌬21(RQYD) polymerase showed that all of these residues lie in the long cleft that defines the thumb-base noncompetitive inhibitor binding site, as previously described (23) (Fig. 3) . Of these amino acid residues, M423 and I482 make direct contacts with the inhibitor. In addition, the cocrystal structure reveals a very tight complementary fit of the cyclopentyl group of AG-021541 into a pocket (A-pocket) of the protein that is formed by the concerted movement of M423 and L497 upon inhibitor binding (23) (Fig. 3) . The movement of L497 also creates an additional pocket (B-pocket) that accommodates the dimethoxychloro- a The susceptibility of AG-021541-resistant replicons to IFN and various HCV polymerase inhibitors was evaluated in the reporter replicon assay. Cells were exposed to compounds for 3 days before RLuc activity was determined. Results showing at least fourfold increases in the EC 50 are indicated in boldface.
FIG. 3.
Binding of AG-021541 in the thumb-base allosteric site of the HCV polymerase. The X-ray cocrystal structure of AG-021541 and the 1b-BK NS5B⌬21 quadruple mutant protein (K114R L47Q F101Y V59D) is shown, with protein backbone in a ribbon structure and the key amino acid residues that form the AG-021541-binding site (M423, M426, I482, and V494) highlighted in a space-filling model. The carbon, sulfur, nitrogen, and oxygen atoms are depicted in green, yellow, blue, and red, respectively. phenyl group. This tight complementary fit of the cyclopentyl group into the A-pocket prohibits residues with branched betacarbons at position 423, such as threonine, valine, and isoleucine, thus explaining the high levels of resistance observed for the M423(T/V/I) substitution. On the other hand, a more modest level of resistance is expected for I482(S/T), a nonpolar-topolar residue change in the B-pocket at a position where hydrophobic contacts to the dimethoxychlorophenyl group are required. Taken together, these structural observations are consistent with the results from our in vitro resistance study indicating that, of the amino acid changes at M426, I482, V494, and M423, the changes at M423 exert the most effects on inhibitor binding (Table 5 ). Compounds A and B share many structural features similar to AG-021541, including the dihydropyrone core, the cyclopentyl ring, and the triazolopyrimidine motif, which accounts for the observed cross-resistance of the AG-021541-resistant replicons to these compounds (Table  5 ). Among the changes that occurred at residue 423, replacement of methionine with threonine conferred the highest level of resistance to compound B. A close examination of the binding pocket revealed that this substitution introduced a polar hydroxyl group in the otherwise hydrophobic pocket, thus significantly altering the hydrophobic interaction between the protein and the cyclopentyl group of AG-021541. Changes at residues M423, M426, and I482 were previously observed in in vitro resistance studies of compounds containing pyranoindole or thiophene-2-carboxylic acid cores, both of which bind to a similar region in the thumb domain of the polymerase as the dihydropyrone inhibitors analyzed in this study (10, 17) . The baseline prevalence of the resistance substitutions observed in this study in naturally occurring HCV isolates cannot be accurately determined due to the lack of adequate clonal sequences of the HCV genome. Based on the available sequences from the GenBank and Los Alamos HCV databases, M423 is conserved in Ͼ99% of the HCV isolates reported, suggesting a significant role for the region in the polymerase where M423 lies during HCV replication and possibly explaining the lower replication efficiency of replicons with changes at this position. The only exception is that I423 is the wt amino acid found in the genotype 5 polymerase sequences, which may be one of the mechanisms underlying the reduced sensitivity of genotype 5 to this class of inhibitors (unpublished observations).
In the present study, multiple mutational patterns were observed in response to in vitro selection of AG-021541. As previously observed for other HCV nonnucleoside polymerase inhibitors and protease inhibitors, single-amino-acid substitutions were shown to confer high levels of resistance to dihydropyrone inhibitors, which cannot be easily overcome by increasing drug concentrations in vivo. Similar characteristics were also observed for HIV nonnucleoside reverse transcriptase inhibitors (NNRTIs), in which single mutations in the NNRTI-binding pocket resulted in high levels of resistance to one or more of the NNRTIs (35) . Therefore, as in the case of treatment for HIV infection, monotherapy with HCV polymerase or protease inhibitors is unlikely to lead to effective and lasting suppression of HCV RNA replication. However, all of the resistance changes evaluated in this study remained fully susceptible to IFN and polymerase inhibitors targeting regions distinct from the AG-021541-binding site. The lack of crossresistance to these inhibitors provides a rationale for combining the dihydropyrone polymerase inhibitors with nonpolymerase inhibitors or other polymerase inhibitors that target a different region of the enzyme in future HCV therapies. In vitro resistance studies of the Abbott benzothiadiazine nonnucleoside polymerase inhibitor, A-782759, and the Boehringer Ingelheim protease inhibitor, BILN-2061, indicated that the frequency of resistance to the combination was significantly lower than that to each compound alone (27) , consistent with the notion that combination therapy with two or more smallmolecule inhibitors may also afford an advantage in overcoming resistance development. In clinical trials, the Viropharma/ Wyeth nonnucleoside polymerase inhibitor HCV-796 was shown to induce a 2-to 3-log reduction in viral load in combination therapy with IFN compared to a 1.4-log drop when administered as a monotherapy for 14 days (4). Furthermore, clinical results from Vertex showed that a 14-day treatment with the combination of VX-950 and IFN effectively suppressed development of resistance variants, which were observed in VX-950 monotherapy, and viral load was undetectable in all patients for a 12-week follow-up period (12) . It is expected that future combination therapies will include IFNsparing regimens, involving two or more HCV inhibitors with nonoverlapping resistance profiles, for the successful treatment of HCV infections.
Due to the lack of a robust infectious culture system for genotype 1 HCV, in vitro resistance studies of HCV inhibitors have been carried out in the replicon system, in which competition from the wt replicon is limited. As a result, resistance changes identified in vitro that show significantly reduced replication fitness may not be observed prominently in vivo. The A156(V/T) amino acid changes observed in in vitro resistance studies of VX-950 were seen only transiently during monotherapy treatment as a result of impaired replication fitness (33) . Regardless, in vitro resistance studies have proven to be a powerful tool not only for determining the target and mechanism of action of anti-HCV compounds but also for predicting the identities of resistance mutations in HCV-infected patients after inhibitor exposure. Furthermore, the development of successful therapies targeting viral proteins requires an understanding of the nature of resistance variants and their fitness. Understanding the structural basis for inhibitor resistance will help in the design of more efficacious therapies. These studies will allow for the future identification of inhibitors with antiviral activity against replicons that contain clinically relevant drug-resistant mutations.
